ABSTRACT Background: Body weight in lower animals and humans is highly stable despite a very large flux in energy intake and expenditure over time. Conversely, the existence of higher-than-average variability in weight may indicate a disruption in the mechanisms responsible for homeostatic weight regulation. Objective: In a sample chosen for weight-gain proneness, we evaluated whether weight variability over a 6-mo period predicted subsequent weight change from 6 to 24 mo. Design: A total of 171 nonobese women were recruited to participate in this longitudinal study in which weight was measured 4 times over 24 mo. The initial 3 weights were used to calculate weight variability with the use of a root mean square error approach to assess fluctuations in weight independent of trajectory. Linear regression analysis was used to examine whether weight variability in the initial 6 mo predicted weight change 18 mo later. Results: Greater weight variability significantly predicted amount of weight gained. This result was unchanged after control for baseline body mass index (BMI) and BMI change from baseline to 6 mo and for measures of disinhibition, restrained eating, and dieting. Conclusions: Elevated weight variability in young women may signal the degradation of body weight regulatory systems. In an obesogenic environment this may eventuate in accelerated weight gain, particularly in those with a genetic susceptibility toward overweight. Future research is needed to evaluate the reliability of weight variability as a predictor of future weight gain and the sources of its predictive effect. The trial on which this study is based is registered at clinicaltrials.gov as NCT00456131.
INTRODUCTION
The high prevalence of obesity and the difficulty in treating it successfully indicate that more emphasis is needed on obesity prevention. The cost-effectiveness of obesity prevention interventions should be enhanced if they can be targeted at those who do not have a weight problem but are likely to gain weight in the future.
Body weight in humans and lower animals is usually regulated with great precision in an automatic fashion (1) . For instance, over a 1-y period, the energy flux (number of calories consumed and expended) experienced by an average-size human being is tremendous (roughly 700,000 kcal), yet human body weight usually varies very little over long periods of time. This high degree of weight stability, which historically has been achieved in the absence of conscious effort, indicates the operation of a highly precise system of energy balance regulation (1) .
By the same token, greater-than-average variability in body weight over time may indicate that the body weight regulatory system is being undermined by biological or environmental influences. Further, if heightened weight variability occurs in the midst of an obesogenic environment, it may be an early warning sign that a given individual's body weight regulatory system is being influenced by orexigenic influences in the environment. In addition to weight gain, weight variability could be increased by individuals' attempts to lose weight to limit or reverse weight gains, especially in young women who are particularly sensitive to changes in their weight (2) . Thus, the existence of elevated weight fluctuations over time could signal that a previously effective body weight regulatory system is being degraded in its ability to automatically adjust energy intake and output to maintain a high degree of stability in body weight.
As part of a project testing a weight gain prevention intervention, we collected longitudinal data on nearly 300 female college freshmen whose BMIs were primarily in the healthy weight range. The participants were selected to be both prone to and concerned about weight gain. Participants' body weights were measured at 4 time points over a 2-y period. The weight gain prevention intervention had no detectable effect on weight change but the data set provided an opportunity to test, in a primarily normal weight sample that was vulnerable to weight gain, if degree of variability in body weight over an initial time span of 6 mo predicted susceptibility to weight gain over a subsequent 18-mo period. We hypothesized that higher weight variability would predict greater subsequent weight gain. This relation was hypothesized to hold when absolute changes in weight over the 6-mo period were controlled for. Finally, we tested whether, if the predicted effect was obtained, consummatory patterns reflecting disinhibitory eating or restrained eating could account for the results.
): 23.65 6 2.88; all values are expressed as means 6 SDs unless otherwise indicated) recruited from 2 universities in Philadelphia. They were volunteers in a randomized, controlled weight gain prevention trial. Participants with a history of eating disorder were excluded. All participants were required to have one or more of the following characteristics, which were expected to confer an elevated risk of weight gain: self-reported history of dieting (3), above-average body dissatisfaction (4), or elevated weight suppression (5). The sample was 17.7% Asian/Pacific Islander, 11.4% African American, 5.5% Hispanic, 57.8% European American, and 7.6% other/mixed racial heritage.
Subsample subjects
Of all participants in the study, 171 had their body weights measured at baseline, 6-wk, 6-mo, and 2-y assessments. These composed the primary sample reported here. However, we also conducted multiple imputation for those with one or more missing values so the analyses could be reanalyzed with all participants (details provided below). This subsample of 171 did not differ significantly from the group that did not provide weights at all assessments (n = 123) in terms of age or any predictor variables in the analyses. At the initial study visit, participants in this subsample were of typical college age (18.27 6 0.47 y; range: 17-20 y) and had a normal BMI on average (23.55 6 2.67; range: 19.36-35.19). A minority (19.3%) reported currently dieting to lose weight. Over the first 6 mo of the study, weights increased slightly and nonsignificantly on average (mean: 0.27 kg), but there was high variability in weight change (SD: 3.17 kg, range: 219.17 to 9.40 kg). Among those who gained weight (n = 96), mean weight gain was 2.27 6 1.99 kg. Among those who lost weight (n = 75), mean weight loss was 2.29 6 2.49 kg. A similar pattern was seen over the 2 y of the study, with mean weights increasing by only 0.34 kg on average, but weight change ranging from 213.20 to 29.20 kg, resulting in a high degree of weight variability (SD = 5.06). Among the 89 participants who gained weight over 2 y, they gained on average 3.90 6 4.11 kg. Among the 82 who lost weight, they lost on average 3.43 6 2.80 kg.
Methods
Participants were recruited for a study the purpose of which was to test the effectiveness of a weight gain prevention intervention over 2 y. After a baseline assessment, participants were randomly assigned to an experimental intervention or an assessment-only control condition. The intervention was conducted in 6 weekly, 1-h, closed group sessions, with 6-8 participants/group. The intervention comprised nutrition education and techniques for instigating behavior change (6) and components from Lowe's nutrition-focused weight control program (7, 8 ). Lowe's Nutritrol program teaches methods for reducing portion sizes and the energy density of the diet and gaining greater control over the personal food environment. The intervention and control groups did not significantly differ in weight change (BMI change in control and experimental groups were 20.22 and +0.24 units, respectively) or on other outcomes over the course of the study, thus the sample was collapsed across group assignment for the subsequent analyses.
Measures
Assessments were conducted by an assessor who was blind to treatment condition.
Measured height and weight
Participants were weighed without shoes and in light clothing with the use of an electronic scale that measured to the nearest 0.01 kg. Height was measured to the nearest 0.01 cm with a stadiometer. BMI was calculated for each participant. BMI correlates with dual-energy X-ray absorptiometry-measured body fat (r = 0.80-0.90) and health measures such as adverse lipoprotein profiles (9) . BMI has been found to be a sensitive measure of adiposity that is adjusted for variation in height.
Disinhibition
The Three-Factor Eating Questionnaire-Disinhibition subscale (TFEQ-D) 4 (10) was administered to measure overeating in response to cognitive, emotional, and environmental cues. This scale has 16 items, and higher scores indicate greater disinhibition. The scale shows high internal consistency and testretest reliability (10) and predicted laboratory-based eating (11), stress-induced eating (12) , and weight gain (13) .
Restrained eating and dieting

Dutch Restrained Eating Scale
Restrained eating was measured with the Dutch Restrained Eating Scale (DRES) (14) . Participants rated the frequency with which they try to restrict their food intake with the use of 5-point scales ranging from "never" to "always." This scale has high internal consistency (Cronbach's a = 0.95) and test-retest reliability (r = 0.82) (14) , and it is related to reduced laboratory food intake (15) . Although restraint scales have not been found to be related to measures of naturalistic caloric intake (16) , it is thought that restrained eaters fluctuate between dieting and not dieting and that such measures could therefore be related to weight variability (17).
Revised Restraint Scale
Restrained eating was also measured with the 10-item Revised Restraint Scale (RRS) (18) . This scale has high internal consistency (Cronbach's a = 0.78-0.86) and test-retest reliability (r = 0.95) (19) , and it predicts counter-regulatory eating in laboratory eating tests (18, 20) .
Dieting status
Weight loss dieting has been found to reliably predict future weight gain (3). We assessed dieting by asking whether participants were "currently dieting to lose weight." Ethics This study was approved by the Institutional Review Board at Drexel University in Philadelphia. Voluntary informed written consent was obtained from all study participants.
Statistics
All analyses were conducted with the subsample of study completers (n = 171) and were then re-estimated by using a multiple imputation technique to generate values for the missing cases. The multiple imputation technique in SPSS uses a "Fully Conditional Specification" method based on an iterative Markov chain Monte Carlo procedure. A linear regression model was fitted based on measured weights, and it was then used to impute the missing observations at each of the 4 assessments. All analyses were then conducted on a pooled data set based on the average of the imputed values from the 4 assessments.
Weight variability
Weight variability was calculated with the use of the first 3 measured weights of the study at baseline, 6 wk, and 6 mo. Whereas previous studies of measured weight variability have used differing techniques to calculate weight variability (21, 22) , the most common method has been to calculate the root mean square error of variation (RMSE) around the slope of weight change over time for each individual. The present study expanded on this idea by using growth curve analysis to calculate weight change trajectories over these 6 mo (23). This technique allows for linear regression curves to be modeled, taking into account both general trends across participants in weight over time and individual weight trends, rather than relying exclusively on the individual weight trajectory. The RMSE was then calculated around each participant's regression line. RMSE values ranged from 0.06 to 5.30 (0.70 6 0.59). Weight variability as a predictor of future weight gain was assessed with the use of 2 linear regressions. The first examined weight variability as a predictor of weight change from month 6 to month 24. The second used a hierarchical linear model to assess contributions of potential covariates to the first linear model. Weight variability was calculated in R version 3.1.1 (Foundation for Statistical Computing). All other analyses were conducted with the use of SPSS (IBM Corporation) version 22.
RESULTS
To test whether weight variability over the first 6 mo predicted weight change over the subsequent 18 mo, a linear regression was conducted with weight change from month 6 to month 24 as the outcome variable and weight variability over the first 6 mo as the predictor variable. In this analysis, the assumption of homoscedasticity for weight variability was violated. The distribution of weight variability scores was not normal, but when an ln transformation of the variable was performed, it approached normality more closely and heteroscedasticity was no longer a major concern (skewness 6 SE: 20.44 6 0.19; kurtosis 6 SE: 0.79 6 0.37). Therefore the ln transformation of weight variability was used in all regression analyses. Additionally, although several visual outliers appear in the scatterplot with the untransformed weight variability (Figure 1) , they did not approach statistical significance as outliers per Cook's D (24) and were all deemed to be low in influence.
Weight variability significantly predicted weight change (b 6 SE: 1.47 6 0.43, P , 0.01; R 2 = 0.06); the more participants' weight fluctuated, the more weight they gained later on (Figure 1) . Weight variability and weight change during the initial 6-mo period were not associated, however (b 6 SE: 20.30 6 0.33, P = 0.37; R 2 = 0.01). Next, hypothesized covariates were included in the model. These were the 3 baseline measures of eating behaviors (RRS, TEFQ-D, and DRES), baseline dieting status, baseline BMI, and 6-mo absolute weight change. RRS scores ranged from 2 to 28 (14.43 6 5.18), TFEQ-D scores ranged from 1 to 13 (6.78 6 3.12), and DRES scores ranged from 1.11 to 4.67 (2.77 6 0.73). An independent samples t test was used to compare weight variability between the intervention and control groups. Weight variability did not differ between groups [t(169) = 0.17, P = 0.86, d = 0.03]. Therefore, intervention condition was not included as a covariate in analyses. A hierarchical linear regression was conducted with all covariates included in block 1 and weight variability in block 2 to examine whether the addition of weight variability significantly improved the model. In block 1, baseline BMI trended toward significantly predicting future weight change (b 6 SE: 0.25 6 0.14, P = 0.07). No other covariates were independently associated with future weight change. The inclusion of weight variability significantly improved the model (P , 0.01), increasing the R 2 value from 0.05 to 0.11. In the full model, both baseline BMI and weight variability independently predicted weight gain (BMI still at a trend level) with control for dieting status, restrained eating, cognitive restraint, and disinhibition ( Table 1) . To control for the potential predictive value of changes in restraint or disinhibition over the initial 6 mo on future weight change, RMSE values around the regression lines of RRS, TFEQ-D, and DRES scores at baseline, 6 wk, and 6 mo were also calculated, tested as covariates in the relation between weight variability RMSE and future weight change. Variability in scores on the RRS, TFEQ-D, and DRES were not significantly associated with subsequent 18-mo weight change, and the RMSE remained predictive when variability in these measures was controlled for.
Analysis of the imputed dataset replicated findings from the completer analyses; the RMSE continued to predict weight change when all covariates were controlled for (b 6 SE: 1.04 6 0.30, FIGURE 1 Association between 6-mo weight variability (RMSE) and subsequent 18-mo weight change. Linear regression revealed a significant positive relation between weight variability from baseline to 6-mo and subsequent 18-mo weight change (b 6 SE: 1.47 6 0.43, P , 0.01; R 2 = 0.06). The figure is a scatterplot illustrating this relation. RMSE, root mean square error of variation. P , 0.01). The only distinct finding in the imputed dataset was that 6-mo absolute weight change negatively predicted subsequent 18-mo weight change when RMSE and all other covariates were controlled for (b 6 SE 20.20 6 0.06, P , 0.01).
DISCUSSION
The results indicate that variation in weight over a 6-mo period predicted amount of weight gained over the subsequent 18 mo, independent of absolute weight change over the 6-mo period. It was reassuring that the same pattern of findings was obtained when all participants were included through the use of multiple imputation to account for missing follow-up weights. To our knowledge, this is the first demonstration that naturally occurring instability in humans' body weight over time predicts subsequent weight gain. Because the BMI of the sample studied was generally in the healthy weight range, the findings are relevant to the identification of individuals who are prone to weight gain but have not yet developed a substantial degree of overweight. The fact that the group studied was struggling with their weight was evident both in our participant selection criteria and in the fact that most participants gained or lost a substantial amount of weight over 2 y. Determining the degree to which this occurred because of the nature of the recruited sample (i.e., that they signed up for a weight gain prevention program) will require additional research.
There are 2 implications stemming from the selection criteria used in the present study. First, our results cannot necessarily be generalized to individuals who are less concerned about their weight or whose weight is more stable over time. Second, given that individuals who have weight concerns (4, 25) and frequent dieting attempts (3) are indeed liable to accelerated weight gain in the future, the current findings take on greater import because of the value of identifying early warning signs of future weight gain.
Because the prediction of weight gain by weight variability did not change when starting BMI or weight gain over the first 6 mo was controlled for, the present results do not appear to be a result of higher starting BMIs or higher weight gain in those showing the highest amount of weight variability over the first 6 mo. When measures of restrained eating, dieting, and disinhbition were included as covariates in the model, the predictive effect of weight variability did not change. None of these covariates themselves accounted for significant variance in long-term weight change other than baseline BMI. Furthermore, when variability in measures of disinhibition and restraint (assessed via RMSE) over the first 6 mo were used as covariates, the significant prediction of weight gain by weight variability was unchanged. Restrained eating/dieting, on the one hand, and disinhibition, on the other, could be viewed as capturing the tendency to restrict and lose control over eating, respectively, which in turn could produce increased weight variability. However, our results indicate that variation in body weight itself had superior predictive ability relative to specific eating patterns that could contribute to weight fluctuations. One explanation for these findings is that self-report measures of food intake often are insufficiently valid as measures of naturalistic energy intake (26, 27) .
Our measurement of weight at 3 time points over 6 mo was dictated by the design of the original intervention, not by any theoretical consideration. Future research will be needed, not only to examine the replicability of these results but also to test different lengths of time during which weights are assessed and different numbers of measured weights to assess variability. It is likely that the period during which weight is measured would need to be sufficiently long to permit meaningful variations in body weight to manifest themselves.
It is important to distinguish between the weight variability studied here from the topic of weight cycling or yo-yo dieting studied in the past. The past focus on weight cycling has been based on the idea that volitional weight loss is often followed by weight regain and, over time, a history of repeated weight fluctuations (28) . There is some evidence that weight cycling predicts future weight gain (29) and cardiometabolic disease (30) . However, the current study focused on naturally occurring weight variability in young women mostly in the healthy weight range rather than the consequences of repeated intentional weight losses. Future research should examine whether greater weight fluctuation in individuals in the healthy weight range represents a health risk independently of body mass or change in body mass (30) .
The current results have both practical and conceptual implications. If the results can be replicated, then variability in body weight could be used as a potential early warning of future weight gain while there is time to intervene to prevent it. Many people weigh themselves infrequently and therefore have little awareness of small changes in their weight. Furthermore, a person who was experiencing greater weight gains and losses might not realize that these bidirectional changes may mean that his or her body's ability to automatically maintain a steady state is deteriorating. If a simple system were available to periodically inform people of their degree of weight variability, it might serve as a useful cue to examine how changes in their food intake or physical activity might be contributing to these changes.
Conceptually, set-point theory has long noted that the body mass of individuals shows remarkable stability (indicating that short-term energy surfeits and deficits are reliably and accurately compensated for) over long periods despite an energy flux of millions of calories (31) . Perhaps an early sign of the degradation of this highly calibrated system of weight control is an increase in body weight variability. Three potentially interrelated explanations for the prediction of long-term weight gain by weight variability are the following: 1) the obesogenic environment continuously drives energy balance in a positive direction; 2) freshmen predisposed (by genetic or other factors) toward weight gain begin to manifest their vulnerability in the novel college Current diet to lose weight vs. no current diet or current diet to prevent weight gain. environment; and 3) individuals most prone to sustained positive energy balance counteract weight gains by following weight loss diets but ultimately fail to prevent their underlying predisposition toward weight gain from manifesting itself. However, given that controlling for restrained eating and disinhibitionmeasured either statically at baseline or dynamically over 6 modid not change the prediction of weight gain by weight variability, the sources of individual differences in variability in body weight over time remain unclear.
Strengths of this study include its relatively large sample size of weight-concerned women and the fact that objectively measured weights were obtained over a 2-y span. We were also fortunate that our sample exhibited high degrees of weight variability over time, because the ability to identify predictors of weight change depends in part on sufficient variability in the predictor of interest. Weaknesses of the study included the inclusion of women only and the fact that they were observed at a unique time of their lives (i.e., the beginning of college). The fact that a substantial proportion of those who initially joined the study did not contribute body weights at all assessment periods was also a weakness.
In sum, to our knowledge, the current study was the first to find that variability of body weight over an initial time period predicted weight gain over a longer time span. This significant prediction was maintained when beginning body mass, change in body mass over the period during which weight variability was assessed, disinhibition, restraint, and dieting were controlled. The present results are open to differing interpretations, but one intriguing possibility is that increased variation in body weight comprises a weakening of the typically finely tuned ability of humans to automatically and accurately maintain energy balance and body weight over long periods of time.
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